Abstract. The paper considers the interaction of a high-temperature flow with a transpiration cooling system exposed to low-energy perturbations of a coolant. It studies the possibility of controlling the heat exchange process in a composite material. The numerical calculations are compared with the experimental data.
Introduction
Vibration and oscillation processes accompany some natural phenomena and may be both harmful and beneficial. An oscillatory motion of gases and liquids intensifies a wide range of heat and mass transfer processes and stimulates the heat transfer of bodies, drying, diffusion, electrodeposition, etc. [1] [2] [3] .
Transpiration cooling systems are widely used in engineering applications: evaporation systems, filters, thermal protection elements of flight vehicles [4] [5] [6] [7] . The operation of such systems may be accompanied by some perturbations, such as acoustic oscillations, wall vibrations, pressure fluctuations and turbulent noises. Depending on the type of perturbations, oscillation amplitude and frequency, thermal and filtration parameters of porous materials may be distorted [7] . For example, in study [6] , the thermal conductivity coefficient of a porous body increased in the presence of pressure fluctuations on its boundary.
The purpose of this paper is to carry out a theoretical study of transpiration cooling systems in the presence of low-energy perturbations and to compare the obtained findings with the known data. v) (U is the flow rate of the coolant gas in pores of the thermal protective material, h is the enthalpy, O is the thermal conductivity coefficient, p c is the specific heat capacity, P is the dynamic viscosity,
is the heat transfer coefficient. Superscripts and subscripts: e is the outer edge of the boundary layer, w is the external heated surface of the body in flow, 0 means the absence of injection from the surface. Here, we consider the case when an injected substance and a substance of the primary flow are identical. The varying (pulsating) convective heat flow acting on the thermal protective material for a definite time is assumed to occur in region 1 ( fig. 1 ). Then, according to (1), we have: 
, A is the pulsation amplitude of the gas flow, Q is the frequency of periodic perturbations, 2 p c is the specific heat capacity of the coolant gas at a constant pressure, t is the time, T is the temperature, 1 a , 2 a are the constants. Superscripts and subscripts: in is the initial value (no pulsation), 1 and 2 below are, respectively, the frame and the gas in region 1; (1) and (2) above are, respectively, region 1 and 2 in fig. 1 .
In curtain zone 2, we use the formula from [10] in the form of the Mugalev's modification, which takes into account the effect on injection on the heat flow [4] ) )( 1 (
The thermal conductivity coefficient ( 1 O ) for the frame of the thermal protective material is known from [7, 11] 
where 2 U is the density of the coolant gas, M is the porosity, B is the pulsation amplitude for the frame wall of the thermal protective material.
The expression for effective viscosity ef P in the Darcy law (8) can be taken as Einstein's modification [12] :
where C is the dimensionless coefficient (0 < C d 0.2). The oscillation frequency f can be found by the formula from [13] 
where I is the intensity of perturbations, a is the speed of sound under normal conditions. For the sake of simplicity, we make the following assumptions:
1) The Reynolds number in the incoming hypersonic air flow is sufficiently high ( 1 Re !! f ) and the boundary layer has formed in the vicinity of the body surface;
2) The thermal protective material is a two-temperature medium, i.e. gas and condensed phases have different temperatures;
3) The mass flow rate at a normal to the plate in flow is significantly greater than the mass flow rate along this plate ( 5) The density of the gas phase is determined from the ideal gas equation; 6) The filtered gas is assumed to be uniform, with the molecular mass being close to that of the air mixture;
7) The contents of the injected gas and the gas in the incoming flow are identical.
8) The boundary problem in spatial variables is assumed to be two-dimensional in the case of heat propagation by conduction.
The flow rate of the coolant gas will be determined from the combined solution of the steady-state equation of continuity and the nonlinear Darcy law [4, 14] . The fact is that high mass rates w v) (U (Re > 10) are associated with turbulent filtration behavior [14] , which is characterized by the quadratic dependence of the pressure differential on the rate.
The problem of calculating heat and mass transfer parameters can be reduced to a system of conservation equations [7] :
in region 1 (see fig. 1 )
in region 2 (solid steel edging in fig. 1 
The system of equations (5)- (8), (10) must be solved by taking into account the following initial and boundary conditions:
The following balance boundary conditions [15] are observed on the external heated surface of the porous plate 0A (region 1 in fig. 1 ) [15] . 
The thermal insulation conditions are specified on the surface of the solid steel shell BCD:
on the internal surface DEF [15] :
The ideal contact condition is specified on conjugation line AE of regions 1 and 2:
on the external heated surface of edging 2:
Pressure in the pores and the environment is equal both on the external and internal surfaces of region 1.
. ,
Hereinafter, x and y are the transversal and longitudinal spatial coordinates, P is the pressure, v is the gas filtration rate in region 1, U is the density, G is the heat transfer coefficient on the internal surface of the plate, v A is the volumetric heat transfer coefficient between the gas and the frame, R is the universal gas constant, n D and n E are respectively the viscosity and inertial coefficients in Darcy's law, σ is the Stefan Boltzmann constant, ) (i H , i = 1, 2 is the emissivity of the surface of the thermal protective material and the edging, respectively, M is the molecular mass of air, i L , i = 1, 2, 3, 4 are respectively the thicknesses and lengths of shells 1 and 2 in fig. 1 , Pe is the Peclet number, Nu is the Nusselt number. Superscripts and subscripts: f is the value of the incoming gas flow at infinity, k is the end time of thermal exposure, the prime above means the pulsation of heat transfer parameters, ef is the effective value, 1 L is the inner side of the body in flow, n is nonlinearity.
Numerical Method and Input Data
The pressure on the external heated surface of the permeable body was assumed to be known from the experiment as a function of the longitudinal coordinate y [11] . The pressure on the inside "cold" surface of the plate ( 1 L ) was taken as:
The constant k was specified to ensure the necessary flow rate of the coolant (in particular, not to reach the melting temperature of the steel shell, i.e. 1600 K [4] ) in the thermal exposure area from t = 0 to t = k t .
The quasi-stationary equation of continuity
(the negative sign is explained by the fact that the normal coordinate x is directed deep into the body (see fig.  1 ), and the coolant flows in the opposite direction) can be integrated along with the first equation (9), the nonlinear Darcy law (8) and the boundary conditions (20) to find the gas flow rate and the pressure in region 1 [7, 15] :
The volumetric heat transfer coefficient v A between the gas and the frame was determined from the formulas [16] 
The boundary problem (6), (7), (10)- (19) was solved numerically using the locally onedimensional split-plot method [17] The thermophysical and structural properties of the porous material were taken from for the sample made of sintered stainless steel powder [18, 19] and from [20] for air. The thermo-physical coefficients of solid steel (edging) O(T), ) (T c p as a function of temperature were taken from [21] , while the values n D and n E from [11, 18] . The results presented below were obtained at in T = 293 K, Table 1 shows the experimental w T (0) [11] and calculated w T 1 (0) temperatures of the external surface of permeable steel as a function of the coolant flow rate, parameter k in the formula (21) with the initial data from Section 2 and the porosity M = 0.36, without periodic perturbations of the coolant gas (I = 0). As shown in Table 1 , the difference in relative errors (') between the calculated and experimental temperatures does not exceed 11.9 %. fig. 2 and 3 correspond to the intensity of pulsations: I = 0, 0.1, 0.3, 0.5, i.e. for cases without or with pulsations for heat and mass transfer parameters in the formulas (2) (4).
Discussion of Numerical Solution Results
Analysis of lines 1 4 ( fig. 2 and 3) shows that periodic perturbations taken into account may both increase or weaken the intensity of heat and mass transfer. This suggests that transpiration cooling systems are sensitive to pulsations of the coolant gas flow and that the heat transfer process in the thermal protective material can be controlled. Table 2 fig. 2 .
On fig. 4 shows the temperature distribution of the porous steel frame 1 T (solid-curves) and gas 2 T (dashed curves) in depth y layer at x = 0 and φ = 0.4 at different moments of time. Fig. 4 shows that for the balance of the boundary conditions (12) and (13) [15] , have meaning for conservation laws, w T 2 > w T 1 . However, as we move deeper into the material quantity 1 T is greater 2 T . It related by the sharp increase in the temperature of air at the surface and in a certain neighborhood because of the heat exchange with the external environment and the framework and greater thermal conductivity of the air than the skeleton of the porous steel. Then, as the heat transfer process of establishing the condensed phase is warming up faster, since the thermal conductivity of permeable steel two orders of magnitude higher than the thermal conductivity of the gas. 
Conclusion
The mathematical model was developed to calculate heat and mass transfer parameters in transpiration cooling systems with periodic perturbations of the coolant gas. Pulsations of the coolant gas flow have an ambiguous effect on the intensity of the heat mass transfer in transpiration cooling systems. The calculation results were proved to be consistent with the experimental data [11, 22] both in quantitative and qualitative terms.
